Abstract: In this paper, a p-pad-up InGaN-based flip-chip (FC) thin-film light-emitting diode (TFLED) on electroplating metallic substrate was fabricated by a combination of electrodes isolation, FC configuration, copper electroplating, and laser lift-off techniques. This allowed formation of n-contacts on Ga-polar n-GaN and superior design of n-electrode pattern, resulting in an improved electrical performance when compared with the vertical-structure (VS) TFLED, in which the n-contacts need to be formed on N-polar n-GaN. In addition, the light output power was enhanced through this architecture due to the uniform current distribution and the absence of pads and wires on top of the FC-TFLEDs. It is found that the wall-plug efficiency of the FC-TFLEDs is 23.6% higher than that of the VS-TFLEDs. Moreover, the FC-TFLEDs with a concavely patterned surface were fabricated from the LED wafer with patterned sapphire substrate. Further improvement in output power was achieved when compared with that of the FC-TFLED fabricated from the LED wafer with flat sapphire substrate.
Introduction
GaN-based light-emitting diodes (LEDs) have attracted considerable attention for applications in full-color displays, back lighting in liquid-crystal displays, automotive lighting, and solid-state lighting, due to their high luminous efficiency, long operation life, and energy-savings [1] , [2] . Nevertheless, further improvements in external quantum efficiency (EQE) and heat dissipation are still required because commercialized LEDs are demanding extremely high performances, especially in automotive lighting and solid-state lighting applications. Heat dissipation is a serious problem for conventional LEDs when driven at high current density due to poor thermal conductivity of the sapphire substrate [3] . To solve the problem, vertical-structure (VS) thin-film LEDs (TFLEDs) with better heat dissipation and higher light extraction efficiency have widely been exploited [4] - [9] . The VS-TFLEDs are usually fabricated on higher thermal conductivity substrates by utilizing wafer bonding (or electroplating) and laser lift-off (LLO) techniques. After removal of the sapphire substrate from GaN epitaxial layer, the exposed GaN surface could be roughened through a chemical etching in a dilute aqueous solution of KOH to enhance the light extraction efficiency. However, it is difficult to form good ohmic contacts on N-polar GaN for these VS-TFLEDs [10] , [11] . In addition, the patterned n-electrodes on top of the exposed GaN surface would block part of the emitted photons.
To further improve the EQE, advanced manufacturing technology that combines TFLED structure and flip-chip configuration has been demonstrated for fabrication of flip-chip TFLEDs (FC-TFLEDs) [12] - [18] . In these FC-TFLEDs, the top n-electrodes are obviated and the buried n-contact electrodes are connected to Ga-polar n-GaN through n-contact via holes. Based on this concept, FC-TFLEDs were demonstrated by Shchekin et al. for the first time [12] . The FC-TFLEDs are a derivative of conventional FC-LEDs on sapphire substrates. The radiance of the FC-TFLEDs is 1.2 times and 2.3 times that of VS-TFLEDs and conventional FC-LEDs at a current of 350 mA, respectively. Hahn et al. have fabricated a p-pad-up FC-TFLED by using electrodes isolation, wafer bonding and LLO techniques [14] , [15] . It is found that a significant reduction in forward voltage and an increase in wall-plug efficiency (WPE) were observed at high current operation as compared to the standard VS-TFLEDs. In addition, a homogeneous emission pattern was obtained even at current density of 2.8 A/mm 2 for the FC-TFLED. Recently, Chiang et al. obtained ultraviolet FC-TFLEDs by utilizing advanced processing techniques, including wafer to wafer bonding, LLO, textured surface, and interconnection processes [18] . It is found that light output power of the FC-TFLEDs exhibit about 36.5% and 17.2% enhancement compared to conventional FC-LEDs and VS-TFLEDs at 350 mA, respectively. These FC-TFLEDs exhibit superior performance, which could be mainly attributed to the combination of elimination of the shadowing effect of the n-electrodes, better n-ohmic behavior and superior n-electrode pattern design. However, one challenge for these FC-TFLEDs is the difficulty in wafer bonding technique which needs to bond the patterned structure onto a host substrate. In these approaches, precise alignment to avoid failure of the LED devices or high strength adhesive to prevent damage of the GaN epitaxial layer during the LLO process was required.
Recently, a p-pad-up GaN-based FC-TFLED was fabricated on the electroplated metallic substrates through the use of electroplating technique instead of the wafer bonding scheme in our previous work [17] . In this paper, a comparative study of device performances of both VS-TFLEDs and FC-TFLEDs on electroplating copper substrates will be presented. In addition, the FC-TFLEDs with concavely patterned surface (CPS) were performed by using LED wafer with patterned sapphire substrate (PSS) to further improve the EQE. WPE of the FC-TFLEDs with CPS was increased by 33.7% and 8.1%, as compared to that of the VS-TFLEDs and the FC-TFLEDs fabricated from LED wafer with flat sapphire substrate (FSS).
Experimental Details
The nitride hetero-structure was grown on a c-face (0001) 2-inch diameter sapphire substrate by a metal-organic chemical vapor deposition system. The multilayer structure consists of a 3.5 m undoped GaN layer, a 3.5 m Si-doped n-GaN layer, a multiple-quantum-well active region, a 25 nm Mg-doped AlGaN barrier layer, and a 270 nm Mg-doped GaN layer which capped with a 2.0 nm InGaN strained layer. The MQW active region consists of 11 pairs of 13 nm GaN barrier layers and 3 nm InGaN well layers. The average peak wavelengths of the LED wafers are located at 455 nm. To investigate the electrical characteristic of n-contacts to n-GaN samples with different crystal polarities, the Ga-polar and N-polar n-GaN samples were first prepared by using the LED wafers. For Ga-polar n-GaN sample, the top surface of the LED wafer was dry etched to n-GaN using an inductively coupled plasma (ICP) etching system. To prepare the N-polar n-GaN sample, a copper layer was electroplated as a support substrate after the deposition of a seed layer on the LED wafer. The LLO technique was performed using a pulsed KrF excimer laser at 248 nm wavelength to remove the sapphire substrate. The undoped GaN layers were then etched to expose the n-GaN layer. Cr/Pt/Au (50/50/1200 nm) circular transmission line method (CTLM) patterns were defined on both Ga-face and N-face n-GaN by the standard photolithographic and lift-off techniques.
Two LED wafers were employed to fabricate VS-TFLEDs and FC-TFLEDs. The procedure for the VS-TFLEDs is as follows: A mesa was first defined by using standard photolithography and ICP etching. A SiN x layer with a thickness of 800 nm was then deposited by plasmaenhanced chemical vapor deposition for sidewall passivation and electrical isolation. A Ni/Ag/Ni/ Au (0.5/150/200/200 nm) multilayer with an area of 800 m Â 800 m was deposited by electron beam evaporation and severed as p-contacts. The p-contacts were thermally annealed at 500°C in an O 2 ambient for 1 minute by rapid thermal annealing. The reflectivity at 455 nm wavelength was 92.3% after the thermal treatment [19] . Cr/Pt/Au (50/50/1200 nm) layer structure was deposited and acted as a seed layer for subsequent copper electroplating. A copper layer with a thickness of about 120 m was then electroplated to form a metallic substrate. Afterwards, LLO process was performed to separate the sapphire substrate. The undoped GaN layers were then etched to expose the N-polar n-GaN layer. To improve the light extraction efficiency, the exposed n-GaN surface was selectively roughened through a chemical etching in a dilute aqueous solution of KOH. Finally, another Cr/Pt/Au layer structure was deposited on top of the N-polar n-GaN as n-pads after a BOE treatment for 6 min. The cross section of the GaN-based VS-TFLED is schematically shown in Fig. 1(a) . To fabricate the p-pad-up FC-TFLEDs, the Ni/Ag/Ni/Au p-contacts were prepared on the p-type GaN with the same process as the VS-TFLEDs. A mesa with 12 via holes was formed by ICP etching. Patterned SiN x layer with thickness of 800 nm was deposited to completely cover the p-contacts, which would separate n-contacts from the p-contacts. The Cr/Pt/Au layers were then deposited to connect the Ga-polar n-GaN and acted as a seed layer for subsequent copper electroplating. The following fabrication processes including copper electroplating, removal of the sapphire substrate, ICP etching of the undoped GaN to expose the n-GaN are the same as those in fabrication of the VS-TFLEDs. The whole n-GaN surface was then roughened by the KOH solution. The GaN layers were selectively etched to expose the p-contact, and the Cr/Pt/Au multilayer was finally deposited on the p-contacts and served as the p-pads to complete the p-pad-up GaN-based FCTFLEDs. The FC-TFLEDs with concavely patterned surface (CPS) is fabricated from LED wafer with PSS, and the fabricated process is almost the same as that of the FC-TFLEDs fabricated from LED wafer with FSS. Fig. 1(b) shows the cross section of the p-pad-up GaN-based FC-TFLED. The chip size of the FC-TFLED is 800 m Â 800 m. Current-voltage (I-V ) and light output power measurements were performed using the FitTech IPT6000 LED chip/wafer probing and testing system (Fittech Co., Ltd., Taichung, Taiwan).
Results and Discussion
It is known that the (0001) surface (Ga-polar) is composed of three nitrogen dangling bonds that point upwards to the c-plane surface, while the (000-1) surface (N-polar) has a single nitrogen dangling bond that points upwards. The difference in the structures of the GaN surfaces affects the device electrical characteristics [10] . Fig. 2(a) shows the resistance as a function of the pad space for Cr/Pt/Au contacts to Ga-polar n-GaN. The structure of the CTLM pattern is shown in the inset of Fig. 2(a) . The inner radius of the CTLM pad is 150 m, and the space between the inner and outer pads is changed from 14 m to 70 m. The current-voltage (I-V ) curves of Cr/Pt/Au contacts to Ga-polar n-GaN is also shown in the inset. The specific contact resistivity of the Cr/Pt/Au contact to Ga-polar n-GaN is calculated to be 3:7 Â 10 À5 cm 2 . Fig. 2(b) shows the resistance as a function of the pad space for Cr/Pt/Au contacts to N-polar n-GaN. With the same calculation method, specific contact resistivity of the Cr/Pt/Au contact to N-polar n-GaN was 4:8 Â 10 À4 cm 2 according to the I-V curves shown in the inset of Fig. 2(b) . It should be noted that the N-polar n-GaN sample was treated in BOE for 6 min to form good ohmic contact before the metal deposition. Therefore, the specific contact resistivity of the contact to N-polar n-GaN is one order of magnitude higher than that of the contact to Ga-polar n-GaN in our results, indicating the lower contact resistivity is much difficult to achieve between n-contact metal layer and N-polar GaN. Fig. 3(a) shows current dependence of forward voltage for both VS-TFLED and FC-TFLED between 1 and 10 mA. It is found that the forward voltages of the VS-TFLED and FC-TFLED devices are 2.61 V and 2.59 V at an injected current of 10 mA, and the series resistances of the VS-TFLED and FC-TFLED devices were calculated to be 2.2 and 1.3 , respectively. The electrical performance enhancement for the FC-TFLED could be attributed to the decreased contact resistivity due to the n-contacts formed on Ga-polar n-GaN and the superior n-electrode pattern design with enough n-contact via holes. Fig. 3(b) shows I-V curves of the VS-TFLED and FC-TFLED at high current injection. Compared to the VS-TFLED, a reduction in voltage of 0.25 V at 350 mA was achieved for the FC-TFLED. Fig. 4 shows the output power and WPE of the VS-TFLED and FC-TFLED as functions of the forward current. The insets provide light patterns of the TFLED devices operated at 350 mA. It is found that the emission pattern of the FC-TFLED device is much more uniform than that of the VS-TFLED device, which could be attributed to the excellent current distribution of chip design for the FC-TFLED device. Under an injection current of 350 mA, the output power of the FC-TFLED and VS-TFLED devices was 391 mW and 342 mW, respectively. In addition, the calculated WPE of the FC-TFLED device reached 37.2%, which was much higher than that (30.1%) of the VS-TFLED device. It indicates that the WPE of the FC-TFLEDs is 23.6% higher than that of the VS-TFLEDs. The improved performance is attributed to the n-contacts formed on Ga-polar n-GaN, the excellent current distribution of the chip design, and the absence of pads and wires on top of the FC-TFLEDs. Fig. 5 shows the SEM images of the N-polar GaN surfaces after KOH etching using (a) FSS and (b) PSS. For the GaN surface fabricated from the LED wafer with FSS, it is clearly observed that the hexagonal pyramid-like patterns were randomly distributed on the GaN surface. However, CPS with uniform depth and size could be obtained when employing the LED wafer with PSS. It is found that the surface roughening occurs both on the top and bottom surfaces of the CPS arrays. For fabrication of the FC-TFLED with CPS, there is no need for removal the undoped GaN after the LLO process, and the KOH etching solution could be directly employed to roughen the undoped GaN surface, resulting in a uniform roughened CPS arrays. Compared to the conventional roughening process, this method is simple and highly reproducible due to forming uniform patterns designed on sapphire before GaN growth [20] . Fig. 6 shows the EQE versus injection current for VS-TFLED, FC-TFLED, and FC-TFLED with CPS. It is found that the EQE of the FC-TFLED, VS-TFLED, and VS-TFLED with CPS was 36.7%, 41.9%, and 45.3%, respectively. Therefore, the EQE of the FC-TFLED with CPS was increased by 23.4% and 8.1% as compared to that of the VS-TFLED and the FC-TFLED fabricated from LED wafer with FSS. The enhanced EQE was possibly attributed to the uniform CPS structure and the improved crystal quality of the active region due to PSS [21] , when compared to the FC-TFLED fabricated from LED wafer with FSS. It should be pointed out that the electrical performance of the FC-TFLEDs with CPS was the same as the FC-TFLEDs fabricated from LED wafer with FSS. Therefore, the FC-TFLEDs with CPS enhanced the WPE by 33.7% and 8.1% compared with the VS-TFLEDs and the FC-TFLEDs fabricated from LED wafer with FSS.
Conclusion
In summary, we have fabricated GaN-based FC-TFLEDs on electroplated metallic substrates by employing electrodes isolation, copper electroplating, LLO, and textured surface techniques. Compared to the VS-TFLEDs, a reduction in voltage of 0.25 V at 350mA was achieved for the FC-TFLEDs, which was attributed to the lower specific contact resistivity of n-contacts and the superior design of n-electrode pattern. Under a current injection of 350 mA, the WPE of the FC-TFLEDs was 23.6% higher than that of the VS-TFLEDs. In addition, the FC-TFLEDs with CPS show a further enhancement of 8.1% in WPE, as compared to that of the FC-TFLEDs fabricated from LED wafer with FSS. These results indicated that use of such an approach could offer a practical means to significantly achieve high-power GaN-based LEDs with large chip size, and the extension of such a method is very promising for applications in automotive lighting and solid-state lighting.
